The transfer of an anion into an organic phase can have enormous impact on its reactivity as the resulting hydrophobic environment accentuates supramolecular interactions between the anion, reactants, and potential substrates.
Organic-phase supramolecular ion pair (SIP) host-guest assemblies of perrhenate anions (ReO 4 − ) with ammonium amide receptor cations are reported. These compounds act as catalysts for the epoxidation of alkenes by aqueous hydrogen peroxide under biphasic conditions and can be recycled several times with no loss in activity.
The transfer of an anion into an organic phase can have enormous impact on its reactivity as the resulting hydrophobic environment accentuates supramolecular interactions between the anion, reactants, and potential substrates. 1 For example, it is well known that the phase transfer of ion pairs enhances reactions of organic compounds with nucleophiles (e.g. halides, alkoxides). 2 Furthermore, permanganate acts as a catalyst for the oxidation of olefins to alcohols or acids in the organic phase, 3 and polyoxometallates catalyse oxidation reactions such as epoxidation under biphasic conditions. 4 Unlike permanganate, the Group VII congener perrhenate is generally considered inactive in oxidation catalysis, and perrhenic acid 5 or immobilized perrhenates 6 act as poor epoxidation catalysts, with the nature of the active species unclear. Notably however, imidazolium perrhenates mediate the stoichiometric epoxidation of simple alkenes through the activation of H2O2 by hydrogen bonding to [ReO4] − in the hydrophobic ionic liquid. 7 Furthermore, the activity of molecular catalysts such as methyltrioxorhenium (MTO) in the biphasic epoxidation of alkenes strongly depends on the nature of the reaction medium, being highest in hydrophobic ionic liquids. [8] [9] [10] Given that the transfer of [ReO4] − into an organic phase has been established, 11 we considered it likely that the amido-ammonium and - crystal X-ray diffraction of crystals grown from a 50/50 mixture of diethyl ether and n-hexane. The protonation of the receptor results in its organization due to intramolecular pyridinium-amide hydrogen bonding between the N1 donor and O1/O2 acceptor atoms (ESI). These observations are analogous to our previous results and support the stabilisation and solubilisation of the proton through a sixmembered 'proton-chelate ring'. 13 Expansion of the structure reveals a dimeric motif in which two protonated receptors interact with two Moreover, the central C14-H bond of the malonamide unit bridges O3 and O6, with further intermolecular C-H contacts to the O3 and O4 oxygen atoms of the perrhenate anion detected. These interactions lead to a distortion of the perrhenate anion from its optimal tetrahedral geometry and a distortion in the Re-oxo bond lengths, with Re1-O3 compressed and Re1-O6 elongated. These data indicate a change of the symmetry from Td to C2v for the perrhenate anion in the solid state and, as such IR studies of the SIP were undertaken to support these observations (ESI, Fig. S1 ). After deconvolution, the spectra show three signals for the asymmetric Re=O stretching vibration (1000-800 cm -1 ), inconsistent with Td symmetry. In comparison to our previous studies 7 The SIPs were used as catalysts for the two-phase epoxidation of cyclooctene with aqueous hydrogen peroxide (50 %) without additional solvents. All of the SIPs are active catalysts, leading to nearly quantitative conversions of cyclooctene after 6-8 h reaction time at 70 °C (Fig. 3) , with quantitative selectivity for epoxide, i.e. the possible by-product 1,2-cyclooctanediol is not formed. Significantly, in the absence of perrhenate conversion to the epoxide does not occur. This is the first example of the application of perrhenate as an epoxidation catalyst in an organic phase, resulting from its transfer from the aqueous phase into the hydrophobic medium. Significantly, under similar oxidative reaction conditions, other typical phase transfer agents such as crown ethers decompose, and quaternary ammonium salts are inactive. At the start of the reaction, [ The reaction temperature has a significant effect on the catalyst activity (ESI, Fig. S19 ). At 50 °C the yield of cyclooctene oxide is 33 % after 6 h, in contrast to 100 % conversion at 70 °C over the same time period; at 25 °C, no conversion is seen. Reducing the catalyst loading to 1 or 2.5 mol % also results in a lower conversion of cyclooctene with 34 and 80 % conversions after 6 h, respectively, compared to 92 % using 5 mol % loadings (ESI, Fig. S20 ). Increasing the amount of oxidant has no effect on the catalytic activity of the SIPs (ESI, Fig.  S21 ). We have no indication for partial decomposition of H2O2 at these temperatures. When less than 1 equiv. H2O2 per cyclooctene is used, the conversion corresponds to the used H2O2, yet the reaction is slower. Adding toluene to the reaction mixture increases the solubility of the catalyst in the organic phase, ensuring that the catalyst is dissolved even at decreasing cyclooctene concentrations. Monitoring the epoxidation of cyclooctene during an eight-hour reaction (ESI, Fig.  S22 ) confirms that the addition of toluene does not diminish activity and conversion compared to the neat reaction. Based on our previous work and DFT calculations, 7 the transfer of perrhenate from the aqueous to hydrophobic organic phase should activate H2O2 through H-bonding interactions, which in turn favours oxygen transfer to an olefin (Scheme 2 Fig. S24 ), so the activity of the SIP can only be ascribed to the presence of perrhenate.
Scheme 2. Mechanism of the epoxidation of olefins catalysed by the perrhenate ion in ILs. 7 Importantly, the biphasic system consisting of water/H2O2 and toluene/SIP/product facilitates the catalyst-product separation. The SIP catalyst and the product are extracted with toluene, and subsequent distillation of the solvent and product recovers the SIP. Leaching of the SIP catalyst into the aqueous phase does not occur; phase separation after 2.5 h reaction time (ca. 50 % conversion of cyclooctene, see Fig. 3 ) and addition of fresh cyclooctene to the aqueous phase did not lead to further epoxide formation. As such, this procedure allows for catalyst reusability, rendering these supramolecular catalysts suitable for larger scale applications. Indeed, the SIP [HL 3 ][ReO4] was recycled five times after 4 h reaction time and displayed no loss in activity within the error range of the data analyses (ESI, Figure S23 ). To demonstrate the generality of these catalysts, we have studied the epoxidation of other alkenes, and, in nearly all cases investigated, good conversions are reached (Table 1) . It is known that terminal alkenes, such as 1-octene and styrene are intrinsically more difficult to epoxidise than (cyclic) cis-alkenes and the ring opening of the products to diols (the only by-product) is, in these cases, facilitated due to steric reasons. 8, 9 Even though the overall performance obtained with the SIP catalysts is lower than that of known molecular epoxidation catalysts such as MTO (TOFmax = 39,000 h -1 for cyclooctene as substrate at 0 °C), 9, 14, 15, 16 It is noteworthy that the epoxidation of allyl alcohol leads to a good conversion, yet low selectivity. This is likely due to the good miscibility 
